Abstract Tumoral tissues tend to generally exhibit aberrations in DNA copy number that are associated with the development and progression of cancer. Genotyping methods such as array-based comparative genomic hybridization (aCGH) provide means to identify copy number variation across the entire genome. To address some of the shortfalls of existing methods of DNA copy number data analysis, including strong model assumptions, lack of accounting for sampling variability of estimators, and the assumption that clones are independent, we propose a simple graphical approach to assess population-level genetic alterations over the entire genome based on moving average. Furthermore, existing methods primarily focus on segmentation and do not examine the association of covariates with genetic instability. In our methods, covariates are incorporated through a possibly mis-specified working model and sampling variabilities of estimators are approximated using a resampling method that is based on perturbing observed processes. Our proposal, which is applicable to partial, entire or multiple chromosomes, is illustrated through application to aCGH studies of two brain tumor types, meningioma and glioma.
Introduction
Genetic analyses of a variety of cancers have suggested that losses and gains of DNA sequences (copy number variations) are associated with cancer development and progression [22] . Chromosomal loss in a tumor cell is typically associated with underexpression of tumor suppressor genes whose activity checks cellular growth, while copy number gains tend to be associated with overexpression of oncogenes that promote tumor growth [10] . Array-based comparative genomic hybridization (aCGH) and other genotyping methods offer a high-throughput approach to compare copy number between tumor DNA and reference samples. Test (tumoral) and reference (normal) samples are, respectively, labeled with red and green fluorescent tags and then mixed. The combined sample is subsequently hybridized to microarrays with the chip probes corresponding to location-specific clones across the entire genome [19] . At each location, the copy number alterations are measured by the log 2 ratio of the fluorescence intensities of the two colors. Reference sample is typically diploid and so, in the ideal setting, in the absence of contaminated cells, its DNA would have a normal copy number of 2. On the other hand, regions of copy number loss in the tumoral sample would have a copy number of 1 (corresponding to a loss of one chromosomal copy) or 0 (corresponding to homozygous deletion), while genomic regions of copy number gain would have copy numbers of 3 (trisomy) or more (polysomy or amplification). This translates into log 2 ratios of −1, 0 and ≥0.58, corresponding to copy number loss, no-change, and gain, respectively. It is important to note that, due to both biological and experimental reasons, the observed log 2 ratios may deviate from these theoretical values [12] .
To analyze DNA copy number data, various statistical methods have been developed to identify aberrant genomic regions that are associated with different types of tumor. A common approach is to determine threshold values for defining gains and losses accounting for data variability. For example, Pollack et al. [23, 24] , Weiss et al. [33] and Aguirre et al. [1] estimated the variability of the log 2 ratios that correspond to no genetic alteration, under the assumption that log 2 ratios corresponding to no genetic alteration in the tumor are normally distributed with mean zero. A threecomponent mixture model approach was considered by Hodgson et al. [11] where the components correspond to copy number loss, gain and no-change. These methods require the normality assumption and independence between clones. Recently, Purdom and Holmes [26] proposed procedures that can be used to analyze non-normally distributed genetic markers. Another commonly used approach considers segments of common log 2 ratio means and aims to identify change-points of the means. For example, Olshen et al. [19] proposed a circular binary segmentation (CBS) algorithm that identifies the change points through successive comparison of segments of the chromosome. Local significance was evaluated via permutation tests and a pruning algorithm was used to control the number of change points. Picard et al. [21] identified change points for the sequence of log 2 ratios using a penalized likelihoodbased approach. These methods also require the assumption of independence between clones. More recently, various methods have been developed to incorporate the possible dependence between clones. Fridlyand et al. [8] proposed a discrete-state Hidden Markov Model (HMM) approach assuming that given the genetic states at all nearby
